A DNA virus with the characteristics of a herpesvirus has been isolated from woodchuck hepatocytes cultured in vitro. We refer to this virus as herpesvirus of marmots (HVM). Electron microscopy of thin sections of HVM-infected cells showed nucleocapsids with a hexagonal outline and a diameter of 80 nm. Enveloped virions were seen in cytoplasmic vacuoles and outside the cell. Negatively stained virus particles purified from cell supernatants were enveloped with the characteristic appearance of herpesviruses. The DNA was double-stranded with a molecular size of approximately 140 kb and a G + C content of 73 ~. The virus replicated with a lytic effect in kidney cells of owl monkeys and African green monkeys, baby hamster kidney cells, feline kidney cells and WCH-17, a cell line derived from a woodchuck hepatoma. An indirect immunofluorescence assay has shown the presence of antibody to HVM in seven out of 37 animals tested. An important reason for studying HVM lies in its possible role in infection or the disease produced by woodchuck hepatitis virus, an animal model for human hepatitis B virus.
INTRODUCTION
The woodchuck (Marmota monax) became a focus of interest in biomedical science when Summers et al. (1978) described woodchuck hepatitis virus (WHV). WHV belongs to the family Hepadnaviridae, of which human hepatitis B virus (HBV) is the prototype. WHV produces similar pathology to HBV including chronic hepatitis and hepatocellular carcinoma, as demonstrated by numerous studies (Summers et al., 1978 ; Gerin, 1984; Tyler et al., 1986; Popper et al., 1981 Popper et al., , 1987 .
While working on an in vitro system for the study of WHV replication, we observed spontaneous lysis of cultured hepatocytes isolated from the liver of a woodchuck chronically infected with WHV. Examination of the supernatants of the lysed hepatocyte cultures revealed enveloped particles with the appearance of a herpesvirus (J. Summers, unpublished observation) .
In this study, we report preliminary characterization of this virus, referred to as herpesvirus of marmots (HVM). We describe its host range in tissue culture, its appearance in the electron microscope by negative stain and in thin sections of infected cells, its buoyant density and G + C content, and an estimation of the molecular weight of its DNA by restriction enzyme analysis. We also present evidence for infection by this virus in woodchucks obtained from different wild populations held in two separate animal facilities.
(FCS).
Virus growth and purification. The original stock of HVM used in these experiments was derived from a primary hepatocyte culture from woodchuck HW99. The virus was plaque-purified twice on WCH-17 cells before use in this study. For plaque purification and virus assays, cells grown in six-well polystyrene tissue culture plates were infected with 0-5 ml of appropriate dilutions of virus. After adsorption for 1 h at 37 °C in 5 ~ CO2, the inoculum was removed and the cells were overlaid with 2 ml of DMEM containing 5~ FCS and 0.3~ agarose. For virus assays, monolayers were fixed with 10~ formalin 5 days after infection, and the overlays removed. The monolayers were washed twice with tap water and stained with 0.03~ aqueous methylene blue (Wentworth & French, 1970) . The resulting plaques measured approximately 1.0 to 1-5 mm in diameter.
For the production of purified virus, WCH-17 cells were infected with HVM at 0.1 p.f.u./cell in DMEM with I0~ FCS and incubated until 90 to 95~ of the cell layer showed c.p.e., which usually occurred within 4 days. Supernatants were clarified by low speed centrifugation (1500 g, 4 °C, 10 min), layered onto a potassium tartrateglycerol gradient prepared in 0.05 M-Tris-HCI pH 7.4, 0.1 M-NaC1 (TN buffer) (Barzilai et al., 1972; Talbot & Almeida, 1977) . The gradient was centrifuged at 25 000 r.p.m, at 4 °C for 40 min, in a Beckman SW28 rotor and L8-M ultracentrifuge set on low acceleration and braking modes (Irmiere & Gibson, 1983) . The band containing viral particles, which were visualized by light-scattering, was harvested from the gradient by aspiration through the side of the tube using a 23-gauge needle. It was diluted in TN buffer and pelleted at 20 000 r.p.m, for 2 h in the SW28 rotor.
Electron microscopy. To prepare thin sections, infected cells were scraped from plastic flasks, pelleted at 1500 r.p.m, for 10 rain, fixed in 2~ glutaraldehyde, post-fixed with 1 ~ osmium tetroxide and 0.1 ~ uranyl acetate and embedded in Epon-Araldite. For negative staining, purified virus resuspended in phosphate-buffered saline (PBS) was applied to formvar-coated grids and stained with 2~ uranyl acetate. Preparations were examined in a JEM 100 CX electron microscope.
Isolation of viral nucleic acid. Purified virus was suspended in 10 mM-Tris-HCl pH 7-5, 100 mM-NaCI and 1 mM-EDTA (TNE) containing 0.1 ~ Triton X-100 and 0.5 ~ SDS, and digested with proteinase K (200 ~tg/ml) for 1 h at 37 °C. The DNA was banded on a CsCI gradient (1.72 g/ml) for 22 h at 60000 r.p.m, in a VTi80 rotor and collected in 0.1 ml fractions. Fractions containing nucleic acid were determined by spotting 1 ~tl of each onto an agarose gel containing 0.5 ktg/ml ethidium bromide, and visualizing their fluorescence under ultraviolet light. The peak fractions which centred at 1-732 g/ml were pooled, dialysed overnight against TNE, ethanol-precipitated and dissolved in water.
Restriction enzyme digestion of viral DNA. Approximatdly 1 ~tg of HVM DNA was digested with restriction enzymes EcoRI, BstEII, HindIII, BgIII, XbaI, XhoI or BamHI (New England Biolabs) under conditions as described by Fuchs & Blakesley (1983) . The digests were labelled with [32p]TTP (3000 Ci/mmol, New England Nuclear) using the Klenow fragment of Escherichia co# DNA polymerase I (Pharmacia) (Maniatis et aL, 1982) . The labelled DNA was electrophoresed in horizontal 25 cm agarose gels in 0.04 M-Tris-acetate pH 7.4, 0.001 M-EDTA, at approximately 20 V for 20 h. Agarose concentrations of 0.5, 0.8 and 1.5~ were used to optimize resolution of smaller and larger fragments. Autoradiographs of the dried gels were measured using a laser densitometer with recording integrator (LKB 2202 Ultroscan). The recorded peak positions were used to estimate molecular sizes of the restriction fragments, relative to a HindIII digest of lambda DNA (Bethesda Research Laboratories) with third degree logarithmic calibration and interpolation performed by computer using the Microgenie software package (Beckman). Molar ratios of restriction fragments were estimated from the integrated densities of peaks measured by densitometry, making allowance for a trend of smaller fragments being fainter, presumably because of loss during drying.
Detection of antibodies to HVM by indirect immunofluorescence. Vero cells infected with HVM at a multiplicity of 0.5 p.f.u./cell were trypsinized 4 h after infection and seeded in the wells of Teflon-coated slides. Twenty h later, before c.p.e, became apparent, the ceils were fixed in 3 ~ paraformaldehyde in PBS and treated with 0.05 ~ Triton X-100 to permeabilize the membranes (Peeples, 1988) .
To detect antibodies to HVM proteins in woodchuck serum, infected ceils were first blocked with 10~ normal goat serum and then incubated with dilutions of test serum. The slides were washed in PBS, incubated with rabbit antiserum prepared against purified woodchuck IgG, washed, and finally incubated with fluorescein isothiocyanate-conjugated goat anti-rabbit IgG (Kirkegaard & Perry, Gaithersburg, Md., U.S.A.). After final washing, the slides were examined with a Zeiss epi-illuminated fluorescence microscope. * Monolayer cultures were infected at a multiplicity of 0.1 p.f.u./cell in DMEM with 10 ~o FCS. The following cells and cell lines were found to be non-permissive: human embryonic liver, foreskin fibroblast, Hep3B hepatoma, HepG2 hepatoma, PLC/PRF/5 hepatoma and MRC-5; monkey kidney BSC-1 and rhesus kidney; mouse L-929; canine MDCK; primary chick embryo fibroblast; primary rabbit kidney.
RESULTS

Host range
The results of infecting cell cultures of human, monkey, rodent and cat origin are shown in Table 1 . Susceptible cells infected with HVM showed c.p.e, consisting of rounding of the cells, with subsequent detachment from the substrate. Cytopathic effect began as loci after infection at low multiplicities (0-1 p.f.u./cell) and subsequently spread to the whole monolayer. This effect usually appeared between 48 and 72 h after infection, depending on the cell line used, and resulted in complete destruction of the monolayer by 96 h post-infection. Infected CV-1 cells did not show c.p.e, until 10 days after infection. Assays of extracellular and intracellular virus in WCH-17 cells showed that only about 1 ~ of the infectious virus remained cell-associated after 96 h. Virus titres in WCH-17 and Vero cells, obtained in the experiment shown in Table 1 , are lower than routinely obtained. During the course of this study, virus yield varied from a low 0f 1 x 105 p.f.u./ml to a high of 2 x 106 p.f.u./ml under the same conditions as the above experiment. This variability could not be correlated with cell passage number or any known change in growth conditions.
Virus morphology in infected cells
Thin sections of WCH-17 cells infected with HVM at high multiplicity (1 to 2 p.f.u./cell) were examined by electron microscopy. After 24 h of infection, cell nuclei were found to contain small numbers of non-enveloped nucleocapsids with a hexagonal outline and a diameter of 80 nm (Fig. 1 a) . Enveloped particles with a matrix or tegument (Roizman & Furlong, 1974) between the nucleocapsid and outer membrane were present in vacuoles in the cytoplasm (Fig. 1 b) and outside the cell membrane (Fig. 1 c) . These particles had an average diameter of 150 nm. Cells examined 48 h after infection contained a larger number of non-enveloped nucleocapsids, but the majority of these appeared to be empty. By this time, the nuclear and cytoplasmic membranes appeared to be disrupted and no enveloped virions could be seen (data not shown).
Negatively stained virus
Viral particles purified by banding in potassium tartrate-glycerol gradients and negatively stained were seen to have envelopes, either intact or permeable to stain. One particle whose envelope has been penetrated by stain is shown in Fig. 2 . Within it the nucleocapsid with individual capsomers is evident.
Genomic DNA Purified HVM was found to contain dsDNA, as shown by its fluorescence in the presence of ethidium bromide and its susceptibility to digestion by a variety of restriction endonucleases. Fig. 3 shows representative restriction digests of HVM DNA. Most enzymes used produced between 17 and 34 fragments with bands of approximately uniform intensity. Notable exceptions were BamHI which gave two highly repeated fragments, and XhoI which generated only six fragments, four of which were too large to be accurately sized by the methods at our disposal. In Table 2 we present the sizes and estimated molar ratios of restriction fragments in several of the digests shown in Fig. 3 . For the reason noted above, we have excluded XhoI from this analysis. Where doublet bands can be discerned on the original autoradiographs, separate fragments have been entered in the table. BamHI is unusual in that it produced two fragments, u and x, estimated to be present in 15 and 18 copies respectively, suggesting that the genome contains reiterated sequences with a repeat unit of about 1.5 kb. The overall size of the genome estimated from the total of restriction fragment sizes varies from one enzyme to another. This variation could be due to heterogeneity in the number of reiterated units. Thus enzymes like EcoRI that do not cut the repeat unit produce detectable fragments only from the unique part of the genome. Restriction fragments containing the reiterated sequences are heterogeneous and smear out on the gel and cannot be detected. Our preliminary estimate therefore is that the genome has an overall size of 140 kb, of which 20 to 30 kb consist of reiterated sequences and 110 to 120 kb are unique.
The mean buoyant density of HVM in CsC1 was 1-732 g/ml. Using the relationship of 
Antibodies to HVM in woodchucks
Sera from 37 woodchucks were evaluated for the presence of antibody to HVM. Seventeen of these woodchucks, which had been selected by being WHV-positive, were wild-caught and housed in Chicago. Three were seropositive with titres ranging from 1:80 to 1:1280. Twenty animals, mostly WHV-seronegative, were from Cornell University. These included 10 wildcaught and 10 colony-born animals. Three out of 10 wild-caught animals from Cornell were seropositive with titres ranging from 1 : 640 to 1:2560. Of 10 woodchucks that were colony-born, only one was positive with a titre of 1 : 640. Fig. 4 shows the staining pattern with positive serum seen in Vero cells 24 h post-infection. None of the seropositive animals showed obvious clinical signs of disease.
DISCUSSION
The evidence that we have obtained identifies HVM as a herpesvirus. Electron microscopy shows virions with the typical herpesvirus morphology, naked capsids located in the nucleus, and enveloped particles in the cytoplasm and outside infected cells. Additional support for this assignment comes from the dsDNA genome of the virus which is in the range of genome sizes of other herpesviruses. There have been four previous reports of herpesviruses isolated from sciuridae. Ground squirrel cytomegalovirus (GSC) (Diosi et al., 1967) and ground squirrel herpesvirus (GSH) (Barahona et al., 1975; Diosi et al., 1975) were isolated from Asian ground squirrels (Citellus citellus). Another antigenically distinct herpesvirus was isolated from the cell culture of a malignant melanoma of the American 13-lined ground squirrel (Spermophilus tridecemlineatus) (Dutta et al., 1977) . HVM is distinct from GSC in that growth of the cytomegalovirus is restricted to cultures prepared from tissues of the natural host and is highly cell-associated (Diosi & Babusceac, 1970) . HVM will grow in cell lines derived from other species and produces a lytic infection with active virus released into the medium. HVM can be distinguished from GSH at this point by its growth characteristics. GSH grows well in rabbit kidney cells and poorly in Vero cells, whereas HVM grows poorly, if at all, in primary rabbit kidney cells and quite well in Vero cells. Immunofluorescence assays with sera of ground squirrels of several other American species, provided by Dr Patricia Marion (Stanford University, Stanford, Ca., U.S.A.), have shown reactivity with HVM-infected Vero cells in four out of 10 sera, possibly indicating some cross-reactivity with a virus infecting ground squirrels. This will be investigated further when HYM D N A has been cloned.
The results of restriction enzyme digestion of HVM DNA are consistent with a genome structure like that of the gamma-2 subfamily of herpesviruses, typified by herpesvirus saimiri (Honess, 1984; Stamminger et al., 1987) . In particular, the multimeric fragments adding up to 1.5 kb produced by BamHI suggest a set of tandem reiterated sequences. In herpesvirus saimiri such repeated sequences are found at the termini of the genome, and the number of repeats at either end differs from one molecule to the next although their total number is approximately constant (Bornkamm et al., 1976; Stamminger et al., 1987) . If the reiterated sequences of HVM are likewise variable in number, another feature of our results would be explained, namely the failure of other restriction enzymes to produce a set of fragments that add up to a consistent total size. The latter enzymes evidently do not cleave the repeated sequence unit, so that fragments containing copies of this unit will be heterogeneous in length and not readily detectable on our gels. The possibility that the genome of HVM undergoes isomerization (Honess & Watson, 1977; Roizman, 1982) cannot as yet be ruled out, but our restriction digests do not obviously contain the submolar fragments that ought to be produced by isomeric forms of the genome if they are present, and isomerization is not common among the gammaherpesvirus family (Honess, 1984) .
After examining the sera from 37 wild-caught and colony-bred woodchucks for the presence of IgG antibody to HVM, we can conclude that within the limits of detection of our assay, approximately 20~o of these animals have been exposed to the virus. We have recently inoculated a seronegative woodchuck with 106 p.f.u, of HVM and monitored it for clinical signs of infection and virus shedding. We have seen no signs of disease although virus was isolated from the blood and urine, and from oral, rectal and vaginal swabs by 2 weeks post-inoculation. A positive antibody titre to HVM was observed by 3 weeks post-inoculation. We plan to analyse tissues from this and other seropositive woodchucks to determine possible sites of replication and/or latency of HVM.
The taxonomic position of HVM relative to other herpesviruses remains uncertain. It is difficult to exclude the possibility that HVM is identical to previously described herpesviruses isolated from ground squirrels (Barahona et al., 1975; Diosi et al., 1975) because only limited reagents are available for comparison. Our limited data on the genome substructure suggest that HVM may belong to the gammaherpesvirus subfamily, but confirmation of this assignment will require further work.
Ultimately our interest in HVM resides in its possible role in infection or disease produced by WHV. It is conceivable that woodchucks infected with HVM may show an increased frequency of chronic WHV infection, or animals concurrently infected with both viruses may develop hepatocellular carcinoma more rapidly than those infected with WHV alone. Our data so far do not permit any inferences to be made about this relationship, but studies to address this question are planned. If it should turn out that HVM plays a part in the pathogenesis of WHV, it would be important to investigate the role of the known human herpesviruses in liver disease associated with HBV infection.
